The understanding of human consciousness based on brain connectivity is considered important for brainmachine interfacing. In this study, we investigated changes in causal connectivity in electroencephalography data related to conscious and unconscious experiences during non-rapid eye movement sleep after parietal transcranial magnetic stimulation (TMS). A serial awakening paradigm was used to determine whether subjects had had a conscious experience or not. We calculated direct transfer function (DTF) as a measure of effective connectivity in five frequency bands focusing on frontal and parietal-occipital regions. The DTF showed significant differences in frontal-to-parietal flow between reported unconsciousness and consciousness. During the first 100 ms after TMS, the outward links of the parietal region at low frequencies were higher in no conscious experience than in conscious experience. During the next 100 ms, however, the outward links of the frontal region were higher in the conscious experience than the no conscious experience at low frequencies. Changes with causal connectivity over time after TMS indicate that the spatial roles in brain regions associated with consciousness are different. These findings may help clarify the cortical mechanisms related to conscious experience.
Recently, a serial-awakening paradigm has been applied to study the mechanism of consciousness during sleep. This paradigm is suitable for characterizing state-dependent features of consciousness with the help of multiple awakenings during a night [14] . In other words, the characteristics of consciousness and unconsciousness in the same physiological state can be investigated, thus eliminating other effects such as changes in the respiratory and cardiovascular systems [15] [16] [17] .
In this study, we investigated how the causal connectivity of the brain is linked to the presence of conscious experience (CE) or its absence (no conscious experience, NCE) during non-rapid eye movement (NREM) sleep using a serial-awakening paradigm. Specifically, by examining brain activity following transcranial magnetic stimulation (TMS), it is possible to evaluate the functional integration and causality in thalamocortical circuits; these parameters have been linked to brain's capacity for consciousness [18] . Because conventional GC is affected by filtering [19] , it is not ideal for studying causality at various frequencies. We thus used DTF as a measure of spectral causal connectivity. In addition, graph theory can be applied to study information flow by mathematically quantifying causal properties of interacting neuronal regions [20] , and as such is able to characterize changes in dynamic connectivity of brain networks. This relation could help identify causal connectivity associated with conscious experience in the brain and be used for decoding neural states related to human cognition and conscious experience.
II. METHODS

A. Data Acquisition and Preprocessing
The dataset analyzed here has been published in [15] along with a detailed description of the experimental paradigm. Six healthy subjects (5 males, age 23.7 ± 3.2 years) participated in the study. The study was approved by the University of Wisconsin-Madison Institutional Review Board and was carried out in accordance with the Declaration of Helsinki. All subjects provided signed informed consent.
Causal Connectivity According to Conscious Experience in Non-Rapid Eye Movement Sleep
Subjects underwent a serial-awakening paradigm [15] . Single-pulse TMS was applied to the parietal cortex using a figure-of-eight coil (Focal Bipulse, Nexstim Plc, Finland) at random intervals (2-2.3 s) after a minimum of 3 min of NREM sleep. A neuronavigation system (eXimia NBS, Nexstim Plc, Finland) was used to allow accurate stimulation of the cortical target. After TMS, subjects were awakened and asked whether they had a conscious experience while in NREM sleep. The data were grouped into those related to conscious experience (CE, 58.3%) with or without recall of content and to those related to no conscious experience (NCE, 41.7%). Compared to rapid eye movement (REM) sleep, conscious experiences were shorter (e.g. "I was dreaming about eating cookies, there was frosting on them") and less vivid. Table I shows the number of trials per subject during NREM sleep.
Electroencephalography (EEG) data were recorded using a 60-channel TMS-compatible EEG amplifier (Nexstim eXimia, Nexstim Plc, Finland). The sampling rate was 1450 Hz. The EEG signals were pre-processed with Matlab. The 15 ms of data after TMS was removed and linearly interpolated to eliminate TMS-induced artifacts. Bad channels were visually detected and interpolated. The signals were band-pass filtered from 1.5 to 45 Hz and down-sampled to 362.5 Hz. The 400 ms of the signals before TMS were used for baseline correction; the signals were epoched until 1000 ms after TMS. The EEG data were re-referenced to the average of all electrode potentials. The last 30 s of the data before awakenings in each TMS session were used for causality analysis because this time period could distinguish between CE and NCE during NREM sleep [15, 17] .
B. Time-Frequency Analysis
We calculated the TMS-induced spectral power using EEGLAB toolbox [21] . In each subject, time-frequency decomposition of single-trial EEG segments was applied using wavelet transform and then averaged across trials at single channel level. All the non-significant time points were set to zero using a bootstrap method (α < 0.05, r = 1000) compared to baseline (from -300 to -50 ms) [22] . In particular, high-frequency power (HFp) was calculated by averaging the evoked power above 20 Hz to assess the presence of TMS-evoked cortical OFF-periods [22, 23] .
C. Causal Connectivity Estimators
We calculated the DTF in five frequency bands (see below) using the HERMES toolbox [24] . For this, we constructed a multivariate autoregressive (MVAR) model:
where is white noise, and is an L-dimensional signal vector at time t, and is an L×L coefficient matrix. In the frequency domain, the z-transformed MVAR model is
where H(f) is the transfer function. The spectral matrix S(f) of the EEG signal is
where V is the residual white noise. The H(f) matrix of the MVAR model provide to evaluate the DTF [25] . The number of coefficients in the MVAR model was chosen to minimize a criterion that balances the variance for the appropriate order to be estimated.
The DTF represent the causal relationship when there is a phase difference between two EEG signals based on the MVAR model [7] . Finally, DTF from channel j to channel i is obtained as follows:
where i is the row of the H(f) matrix and j and m are its columns. DTF ranges from 0 (no coupling) to 1 (complete coupling) as information flow between EEG channels [24] . The difference of TMS-evoked potentials between CE and NCE is mainly shown at 200-300 ms [15] . Therefore, we calculated DTF (directed matrices) for three time periods after the TMS: Period 1: 0-100 ms, Period 2: 100-200 ms, and Period 3: 200-300 ms.
The 60×60 subject-wise DTF matrix was calculated. To investigate frequency-wise DTF, we divided the signals into five frequency bands as follows: delta (1.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-40 Hz) bands. Also, to investigate the difference of causal strength in specific regions, frontal region was identified as 13 channels (Fp1-2, Fpz, AF1-2, AFz, F1-2, F5-8, and Fz) whereas parietal-occipital region was identified as 7 channels (PO3-4, POz, O1-2, Oz, and lz). As a result, we calculated five DTF features: (1) DTF in the whole region, (2) DTF in the frontal region, (3) DTF in the parietal-occipital region, (4) DTF from frontal to parietal-occipital region, and (5) DTF from parietaloccipital to frontal region.
D. Causal Properties
We computed in-degree and out-degree using DTF at each frequency band in both frontal and parietal-occipital regions. The in-degree is the column sum of the connection matrix as the number of inward (ingoing) links, whereas the out-degree is the row sum of connection matrix as the number of outward (outgoing) links [5] .
We also calculated the causal flow based on in-degree and out-degree. The causal flow of a node was obtained as the difference between its in-degree and out-degree [26] . A node with a positive causal flow means a causal source, whereas a node with a negative causal flow means a causal sink for effective connectivity [27] .
E. Statistical Analysis
To investigate the difference of HFp between CE and NCE, a non-parametric permutation test (r = 1000) was performed. In addition, we compared the DTF between CE and NCE using a non-parametric permutation test (r = 1000) with Bonferroni correction for five frequencies. The permutation test was applied for comparing five characteristics (DTF in the whole region, frontal region, parietal-occipital region, frontal to parietal-occipital region, and from parietal-occipital to frontal region) during CE and NCE.
We also tested for significant differences in the causal properties between CE and NCE using multi-threshold permutation correction [28] . In specific, the threshold was given 10% apart using multi-threshold (from 20% to 90%) for each DTF matrix. Mann-Whitney U test was used between CE and NCE for each threshold. Then, the group assignments were permuted based on the null distribution at each threshold and the statistics for each threshold and permutation were recalculated (r = 1000).
For causal flow, a one-sample non-parametric permutation test was applied in each CE and NCE condition since causal flow means positive or negative value in itself as a causal source or sink. We also performed the non-parametric permutation test to investigate the differences between CE and NCE. The significance level was set at α = 0.05 and statistics were performed at the subject level. Figure 1 showed the TMS-induced power during NREM sleep. We observed suppression of HFp in both CE and NCE. However, there was no significant difference of HFp (> 20 Hz) between CE and NCE for 200-300 ms (t = 0.753, p = 0.440). In particular, we compared CE and NCE in clear HFp frequencies (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Likewise, there was no statistical difference between CE and NCE (t = 1.072, p = 0.288).
III. RESULTS
A. TMS-Induced Spectral Power during NREM Sleep
B. Causal Connectivity in CE and NCE
We compared the DTF for three periods after the TMS (Fig.  2 ). There were statistical differences between CE and NCE at all frequencies. In particular, differences in anteriorto-posterior connections between CE and NCE were found prominently rather than lateral differences. Also, the prevalence of frontal-to-parietal connectivity was observed. Statistical differences of DTF within or between regions are shown in Table II . Only the frontal-to-parietal DTFs differed between CE and NCE in the delta, theta, alpha, and beta bands 
C. Causal Properties based on DTF
The causal properties (in-degree and out-degree), based on DTF, and the causal flow, based on the causal properties, were also computed in the five frequency bands.
As shown in Fig. 3 , during the first period (0-100 ms after TMS), the out-degree in NCE was higher than in CE only over the parietal-occipital region at low frequencies (delta: p = 0.036, theta: p = 0.042, alpha: p = 0.043). During the second period (100-200 ms after TMS), higher out-degree in NCE was observed compared to CE over frontal region at low frequencies (delta: p = 0.034, theta: p = 0.018, alpha: p = 0.029). In the last third period (200-300 ms after TMS), the theta in-degree in NCE was higher than the CE over frontal region (p = 0.031), but in the beta out-degrees in the NCE was higher than the CE over parietal-occipital region (p = 0.025).
We next explored the causal flow based on the in-degree and out-degree measures (Table III) . The causal flow has meaning in itself whether its value is positive or negative as a causal source or a causal sink, respectively. The frontal CE had a negative causal flow as a causal sink (delta: p = 0.035, theta: p = 0.029, alpha: p = 0.041, gamma: p = 0.033), but frontal NCE had a significant negative value in only beta bands (p = 0.031) during the first period (0-100 ms after TMS). In the second period (100-200 ms after TMS), CE showed the role of a significant causal sink in the parietal-occipital region rather than in the frontal region at most frequencies (delta: p = 0.039, theta: p = 0.035, alpha: p = 0.039). However, CE in gamma band only showed its role as a causal source (p = 0.038). In the last third period (200-300 ms), the role of causal sink was clearly represented in the frontal CE just like in the first period (delta: p = 0.035, theta: p = 0.035, alpha: p = 0.047, beta: p = 0.035, gamma: p = 0.033). In summary, TMS triggered differences of brain region between CE and NCE over time as a causal sink. Table IV showed the statistical results for causal flow between CE and NCE. There were significant differences in causal flow between CE and NCE over alpha and beta bands during the second period (100-200 ms after TMS). In alpha and beta bands, since NCE has an absolute value higher than CE, we showed that NCE was more strongly than CE in the frontal region as a causal sink.
IV. DISCUSSION
We analyzed effective connectivity associated with conscious and unconscious experiences during brain perturbation during NREM sleep. We focused on within-state differences in conscious experience during NREM sleep to eliminate confounding factors caused by physiological differences across global state shifts.
In line with previous studies, the suppression of HFp was observed during sleep. During unconsciousness, the group of neurons receiving cortical inputs falls into a rapidly cortical down state [22] . These characteristics appear to be the suppression of HFp, a well-known extracellular marker of the neuronal hyperpolarized states that characterizes sleep bistability [23] . TMS similarly reveals HFp in patients with unresponsive wakefulness syndrome [29] . However, we found no significant differences in HFp between CE and NCE.
We found a difference in frontal-to-parietal DTF between CE and NCE for 100-200 ms after TMS. More specifically, frontal-to-parietal DTF in NCE was stronger than in CE. The causal flow to parietal-occipital region was also remarkable. Under anesthesia, GC from frontal to parietal-occipital regions is reported to sharply increase in the anterior-posterior direction [30] . In patients with severe brain injuries, impaired consciousness has been associated with changes in causal connectivity in the posterior hot zone [12] , which was primarily localized to anatomical neural correlates of consciousness [8, 16, 31] . In addition, the asymmetry between incoming and outgoing flow in GC in patients with disorders of consciousness (such as minimally conscious state and unresponsive wakefulness syndrome) has been mainly shown in the parietal-occipital region [32] . As a result, this directionality to parietal-occipital region supports that posterior hot zone is a reliable correlate of conscious experience. Although we applied TMS to the parietal cortex, the observed flow from the frontal to the parietal-occipital regions suggests that the posterior hot zone is important.
As noted above, higher out-degree during NCE was observed compared to CE, in particular over the parietaloccipital region for the first period (0-100 ms after TMS). However, in the next period (100-200 ms after TMS), out-degree during NCE was higher than during CE in the frontal region. The out-degrees in the parietal-occipital region of the first period was considered to be an effect on the TMS itself. However, the frontal in-degrees in the second period seem to be related to the frontal-to-parietal flow during NREM sleep. Frontal region plays a leading role in the transmission of synchronizing signals [25] . In this regard, our results support a role of frontal region associated with consciousness. The causal flow also showed the TMS-induced change in CE as the causal sink. In CE, the frontal region was the causal sink in the first period, and in the second period, the sink appeared over to the parietal-occipital region. In the third period, the frontal region served as the causal sink.
Low EEG frequencies are associated with neuronal upand down-states, whereas high EEG frequencies indicate high rates of neuronal firing [16] . Depending on the frequency, the characteristics of consciousness may vary, but not in our results. The low frequencies such as delta activity were well demonstrated to be a major factor in NREM sleep [8, 17, 33] . Our results for high frequencies were consistent with some studies reporting that causality increases during propofol-induced unconsciousness, especially at high frequencies [9, 30] . Specifically, high-frequency oscillations, which are closely connected with the role of sleep in brain function and cognition, occur during the ON states of slow-wave activity [34] . Higher gamma synchrony has also been observed during anesthesia compared to wakefulness [35] . In this regard, the DTF in NCE is higher than in CE in terms of increasing the causality during unconsciousness.
In conclusion, our results indicate that both spectral and spatial characteristics of causal connectivity within posterior brain areas are important for consciousness. In addition, causal properties also highlighted the role of the frontal and parietaloccipital regions for consciousness. Altogether, causal flow in frontal-to-parietal directionality appears to be a potential indicator of the level of consciousness and may be a measure to decode the neuronal states in brain-machine interfacing.
